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The mechanical behavior of GaAsP alloy semiconductor was investigated by means of
compressive deformation and compared with those of GaAs and GaP. The nature of
collective motion of dislocations during deformation was determined by strain-rate cycling
tests. The dynamic characteristics of dislocations in GaAsP were found to be similar to
those in elemental and compound semiconductors such as Si, Ge, GaAs, and GaP. An alloy
semiconductor has a component of the flow stress that is temperature-insensitive and is
absent in compound semiconductors.
I. INTRODUCTION
Extensive studies have been conducted on the me-
chanical properties and dislocation dynamics in elemental
and some of compound semiconductors. Results of such
studies are now widely applied to the materials technology
of electronics.
Alloy semiconductors are the materials which can be
used for optoelectronics devices, light-emitting diodes, and
laser diodes, with a wide variety of wavelength of emitting
light and lattice parameters. It is known that the activity of
dislocations is closely related to the degradation of devices
made by these materials.1 Nevertheless, because of the dif-
ficulty in the preparation of bulk single crystals, far less is
known of the mechanical property and dynamic prop-
erty of dislocations in alloy semiconductors in compari-
son with elemental and compound semiconductors. Few
studies have so far been made of the hardness of alloy semi-
conductors grown by the liquid phase epitaxy technique.
Vigdorovich etal.2 showed that InAsP alloy had the maxi-
mum hardness at the composition of 20% P. Watts et al.3
reported that the anisotropy of microhardness of InGaAsP
alloy strongly depended on its composition and that the
maximum hardness was attained at some moderate com-
position of the alloy. These results seem to mean that al-
loying results in the enhancement of the hardness of III-V
compounds.
It is necessary to establish knowledge of the dynamic
behavior of dislocations in such alloy semiconductors be-
cause it may have direct applicability to the technology for
suppressing degradation of optoelectronics devices, etc. It
is also interesting from the fundamental point of view to
know the details of the alloying effect on the dislocation
behavior in compound semiconductors.
This paper studies the mechanical property of GaAsP
alloy semiconductor and deduces the dynamic characteris-
tics of dislocations from the experimental results. The re-
sults are compared with those in GaAs and GaP compound
semiconductors .4>5
II. EXPERIMENTAL
Specimens were prepared from a GaAsP crystal of n-
type grown by the LEC technique,6 the carrier concentra-
tion of which was 7 x 1016 cm"3. The composition of the
alloy was determined by Proton-Induced X-ray Emission
(PIXE) technique7 with 3 MeV protons from a cyclotron.
The PIXE spectrum of the alloy is given in Fig. 1. The
composition was determined from the intensities of Ga-
K a and As-K a emissions and found to be GaAs08P02.
Specimens were finished in a rectangular shape, ap-
proximately 2.7 x 2.7 x 10.7 mm3 in size suited for com-
pression tests, by chemical polishing with a reagent of
3H2SO4:1H2O2:1H2O at 70-80 °C following mechanical
polishing. The compression axis was parallel to [123] and
the side surfaces parallel to (111) and (541). The density of
grown-in dislocations was about 106 cm"2. Compression
tests were carried out under constant strain rates with the
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1. PIXE spectrum of the GaAsP alloy used in the experiments.
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use of an Instron-type machine at various temperatures in
a high purity argon gas atmosphere. The details of the
experimental procedure were the same as previously
described elsewhere.4
The mechanical characteristics of GaAs and GaP com-
pound crystals4'5 of which main impurities are Si at a concen-
tration of 1 x 1016 cm"3 and S at a concentration of 3.3 x
1017 cm"3, respectively, are referred to for comparison.
III. RESULTS
Figure 2 shows stress-strain curves of a GaAs0 8P0 2
alloy crystal, a GaAs, and a GaP compound crystal at
600 °C under a shear strain rate of 2 x 10"4 s"1. The
curves of all the crystals are characterized by a remarkable
stress drop after yielding followed by a gradual increase in
the stress with the strain due to work-hardening. Such
characteristics in the stress-strain curves are common for
all kinds of semiconductors so far investigated such as Si,
Ge, InSb, and so on.4'58-10
The effective stress determined by the strain-rate cy-
cling tests is also shown in the figure. This is the stress

























FIG. 2. Comparison of stress-strain curves of the GaAsP alloy crystal
and the GaAs and GaP compound crystals in the deformation at 600 °C
under a strain rate of 2 x 10~4 s"1. Behavior of the effective stress Teff is
also shown.
certain velocity via thermally activated process. The physi-
cal meaning of the effective stress is discussed in Sec. IV.
The technique to determine the effective stress is described
in previous papers.410 The error in determination of the ef-
fective stress is less than ±5%. It is seen that the effective
stress in any crystal is constant with respect to the strain in
the deformation stage after the lower yield point. This
means that the density and mean velocity of moving dislo-
cations are both constant against the strain in such a defor-
mation stage. A crystal characterized by such a dynamic
state of dislocations has been termed a steady state of de-
formation by Sumino." He discussed the nature of collec-
tive motion of dislocations in such a dynamic state in
detail.1112 It has been verified that such a dynamic state of
dislocations is consistent with the deformation of Ge, Si,
GaAs, and GaP crystals4'5'8'10 and its characteristics are
described quantitatively by the hypothesis proposed by
Sumino. It is to be noted that the level of flow stress after
the lower yield point in the GaAsP alloy is rather close to
that in GaP while the effective stress in the steady state of
deformation is close to that in GaAs.
Both the flow stress and the effective stress depend sen-
sitively on the deformation condition in all of GaAsP, GaAs,






FIG. 3. Stress-strain curve of the GaAsP alloy as dependent on the tem-
perature. The strain rate is 2 x 10~4 s"1.
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the stress-strain characteristics of the GaAsP crystal under
a shear strain rate of 2 x 1(T4 s"1. The magnitude of the
upper yield stress and the amount of the stress drop after
yielding both decrease rapidly as the temperature is raised.
At 800 CC the specimen shows no stress drop after yielding.
Figure 4 shows the strain-rate dependence of the stress-
strain characteristics at a temperature of 600 °C. A de-
crease in the strain rate brings about the same effect as an
increase in the temperature.
The dependences of the stress-strain characteristics on
the temperature and the strain rate in the GaAsP crystal
seen in Figs. 3 and 4 are very similar to those observed in
other kinds of semiconductors such as Si, Ge, GaAs, and
GaP.4'5'810 The effective stress in the steady state of defor-
mation is seen also to depend sensitively on the tempera-
ture and the strain rate in accordance with the observations
on other semiconductors. Thus, we conclude that the de-
formation of an alloy semiconductor is controlled by the
same dislocation processes as those operating in elemental
and compound semiconductors.
Figure 5 shows the upper and lower yield stresses and
the effective stress in the steady state of deformation as a
function of the reciprocal temperature for the GaAsP crys-
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FIG. 5. The upper and lower yield stresses, T^ and rly, respectively, and
the effective stress Teff in the steady state of deformation in the GaAsP
alloy plotted against the reciprocal temperature 1/f for a strain rate of
2 x M T V .
sence of the stress drop after yielding, the yield stress is
regarded to be the lower yield stress.
Figure 6 shows the strain-rate dependence of the upper
and lower yield stress and the effective stress in the steady
state of deformation at 600 °C in a logarithmic plot.
The upper and lower yield stresses and the effective
stress in the steady state of deformation are all expressed
FIG. 4. Stress-strain curve of the GaAsP alloy at 600 °C as dependent on
the strain rate.
FIG. 6. The upper and lower yield stresses, TW and r,y, respectively, and
the effective stress Tetf in the steady state of deformation in the GaAsP
alloy plotted against the strain rate e in deformation at 600 °C.
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upper yield stress,
for the lower yield stress,
as a function of the temperature T and the strain rate e by
the following empirical equation:
T = Ae1/n exp(f//kr) (1)
with n = 4.8
TJ = n ?f) V
. . _ „' v
n = 3.5 for the effective stress in the
U = 0.48 eV steady state.
A is a constant and k is the Boltzmann constant.
IV. DISCUSSION
In a crystal having the sphalerite structure two types
are available of glide dislocations with an edge compo-
nent. They are termed a dislocations and /3 dislocations,
depending on the sign of the Burgers vectors or, in other
words, on the species of atoms located at the dislocation
core. Hence, three types of dislocations essentially dif-
ferent in nature contribute to the plastic deformation of
a sphalerite-type crystal: namely, a, /3, and screw dislo-
cations. It is common that a dislocations have higher mo-
bility than the others by orders of magnitude in III-V
compounds. In such cases the deformation of a crystal is
controlled by the motion of screw dislocations, and the
strain rate e is given by the following equation:4
e = 2Nvsb, (2)
where N is the density of moving dislocations, vs the ve-
locity of screw dislocations, and b the magnitude of the
Burgers vector of dislocations. We assume that the situ-
ation is also the same in the III-V alloy semiconductors
used in the present investigation.
It is empirically known that the velocity v of a disloca-
tion of any type in a semiconductor crystal is, in general,
well described by the following equation as a function of
the stress T and the temperature T:
v = vQrm e x p ( - e / k r ) , (3)
where v0, m, and Q are constants. The Sumino theory" al-
lows us to deduce the magnitudes of m and Q for the screw
dislocations that are rate-determining from the magnitudes
of n and U for the effective stress in steady state deforma-
tion given in Eq. (1) from the relations:
n = m + 2, U = Q/(m + 2). (4)
The magnitudes of m and Q deduced for the GaAsP
crystal are given in Table I together with those for the GaAs
and GaP crystals. It is seen that the magnitudes of both
m and Q in the GaAsP crystal are between those in the
GaAs and GaP crystals, being closer to those in GaAs than
to those in GaP. This seems to reflect the bonding charac-
ter of the alloy.
It is now well accepted that the flow stress of a crystal
in any deformation stage consists of two components. One
is the effective stress which is the component needed to














move dislocations at a certain velocity against the intrinsic
resistance of the crystal lattice.11 This velocity is deter-
mined by strain rate and temperature, since overcoming
the lattice resistance is a thermally activated process. The
other is the so-called athermal stress, which is the compo-
nent needed to overcome any resistance which is not ther-
mally surmounted and depends weakly on the strain rate
and the temperature. The effective stress and the athermal
stress are assumed to be additive since they are indepen-
dent of one another.13
Figure 7 shows the upper and lower yield stresses and
the effective stress in the steady state of deformation for
the strain rate 2 x 10~4 s ' of the GaP, GaAs, and GaAsP




















FIG. 7. Comparison of the temperature dependencies of the upper and
lower yield stresses, T^ and Tty, respectively, and the effective stress Teff
in the steady state of deformation for the GaAsP, GaAs, and GaP crystals.
Deformation under a strain rate of 2 x 10~4 s"1.
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fective stress in the GaAsP is between those of the GaP
and GaAs. This, again, probably reflects the bonding char-
acters of the three kinds of materials. On the other hand,
both the upper and lower yield stresses of the GaAsP crys-
tal depend on the temperature rather weakly in comparison
to the GaAs and GaP crystals. They are between those of
the GaAs and GaP crystals at low temperatures while they
exceed those of the GaP crystal at high temperature. We
are, thus, led to the conclusion that the yield stresses or,
more generally, the flow stress of the GaAsP crystal has a
component of athermal stress that is absent in compound
semiconductors such as GaAs and GaP.
At least three mechanisms for athermal stress are con-
ceivable in an alloy semiconductor. The first is related to
short-range order in the alloy. Motion of a dislocation de-
stroys the short-range order along its slip plane. Thus, an
extra stress of athermal nature is needed to move a dis-
location through a crystal with short-range order.14 Short-
range order has theoretically been predicted to exist in
most III-V ternary alloy semiconductors15"17 and has indeed
been confirmed experimentally in some alloy semiconduc-
tors. Ichimura et al.18 calculated the stress to destroy
such short-range order and showed that the maximum of
the stress is attained at the equi-composition of As and P in
the case of the GaAsP system. The maximum stress was
calculated to be 1.8 MPa at 1000 K. The difference in the
yield stresses between GaAs and GaAsP at high tempera-
ture seen in Fig. 7 is much larger than this value in spite of
the fact that the fractional composition of P in the alloy is
0.2. Thus, we conclude that the high yield stresses of
GaAsP at high temperature are not related to the short-
range order.
The second mechanism is long-range stress related to
the local fluctuation of the alloy composition. Since the
bond lengths of Ga-As and Ga-P are different by about
4%, a fairly large stress field may be induced within the
crystal if the alloy composition is not homogeneous on the
atomic scale. It is statistically probable that such local
fluctuation in the composition exists within any alloy semi-
conductor. The dislocation motion surmounting such a
long-range stress field associated with composition fluctua-
tions is not thermally activated because of the high activa-
tion energy involved and, thus, required an athermal stress.
The third mechanism is related to the immobilization
of dislocations due to solute atmospheres. At high tem-
peratures a solute atmosphere is developed around disloca-
tions which are at rest or in slow motion. An extra stress is
needed to release the dislocations from solute atmosphere
once it is developed. It has indeed been observed that age-
hardening effects take place in the present GaAsP alloy.
The release process of a dislocation from its solute atmo-
sphere is a thermally activated one. Thus, the release stress
of the dislocation decreases with increasing temperature
for a given state of solute atmosphere. On the other hand,
the development of a solute atmosphere around a disloca-
tion is more enhanced at higher temperature. As a conse-
quence, the contribution of this effect to the flow stress
becomes temperature-insensitive, apparently looking like
an athermal stress.
At present, we think either the second or the third, or
both, to be the cause enhancing the yield stresses of the al-
loy at high temperatures.
V. CONCLUSION
The mechanical property and the dislocation dynam-
ics during plastic deformation have been investigated on
GaAs0 8P0 2 alloy. The deformation of the alloy is con-
trolled by dislocation processes which are essentially the
same as those in other kinds of semiconductors such as
Ge, Si, GaAs, and GaP. The dynamic characteristics of
dislocations in GaAsP alloy are intermediate to those in
GaAs and GaP. The mechanical strength of GaAsP alloy at
low temperatures lies between GaAs and GaP; however, it
lies above GaAs and GaP at high temperatures. This sug-
gests that an alloy semiconductor has some athermal stress
component of the flow stress that is absent in compound
semiconductors.
ACKNOWLEDGMENTS
The authors are grateful to Dr. T. Hibiya of NEC Cor-
poration for supply of a GaAsP crystal. They also thank
Dr. K. Sera of Cyclotron and Radioisotope Center of To-
hoku University for determining the composition of the
used GaAsP by PIXE technique. This work was supported
in part by Scientific Research Grant-in-Aid No. 60222005,
"Alloy Semiconductor Physics and Electronics," from the
Ministry of Education, Science and Culture of Japan.
REFERENCES
'P. Petroff and R.L. Hartman, J. Appl. Phys. 45, 3899 (1974).
2V. N. Vigdorovich and A. Ya. Nashel'skii, Sov. Powder, Metall. and
Metal Ceramics, No. 2 (14), 123 (1963).
3D. Y. Watts and A.F.W. Willoughby, Mater. Lett. 2, 355 (1984).
4I. Yonenaga, U. Onose, and K. Sumino, J. Mater. Res. 2 (2), 252 (1987).
5I. Yonenaga and K. Sumino, J. Mater. Res. 4 (2), 355 (1989).
6T. Hibiya, H. Watanabe, H. Ono, T. Matsumoto, and N. Iwata, J. Elec-
trochem. Soc. 134, 981 (1987).
7S. A. Johansson and T. B. Johansson, Nuclear Instrum. & Method 13,
473 (1976).
8K. Kojima and K. Sumino, Crystal Lattice Defects 2, 147 (1971).
9H. Shimizu and K. Sumino, Philos. Mag. 32, 123 (1975).
10I. Yonenaga and K. Sumino, Phys. Status Solidi A50, 685 (1978).
"K. Sumino, Mater. Sci. Eng. 13, 269 (1974).
12M. Suezawa, K. Sumino, and I. Yonenaga, Phys. Status Solidi AS1,
217 (1979).
13U. F. Kocks, A. S. Argon, and M. F. Ashby, Thermodynamics and Ki-
netics of Slip/Progress in Materials Science, edited by B. Chalmers,
J.W. Christian, and T. B. Massalski (Pergamon, New York, 1975),
Vol. 19, p. 173.
14J. C. Fisher, Acta Metall. 2, 9 (1954).
15M. Ichimura and A. Sasaki, J. Appl. Phys. 60, 3850 (1986).
16A.A. Mbaye, L.G. Ferreira, and A. Zunger, Phys. Rev. Lett. 58, 49
(1987).
17A. Sher, M. van Schilfgaarde, A.B. Chen, and W. Chen, Phys. Rev.
B36, 4279 (1987).
18M. Ichimura and A. Sasaki, Jpn. J. Appl. Phys. 27, L176 (1988).
J. Mater. Res., Vol. 4, No. 2, Mar/Apr 1989 365
